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a b s t r a c t

The optimal excitation locations of rectangular composite sound radiation plates to produce relatively
smooth sound level pressure (SPL) curves are determined using an optimal design method. In the optimal
design process, the vibration of the plate is analyzed using the Rayleigh–Ritz method, the sound pressure
produced by the plate is calculated using the first Rayleigh integral, and the optimal excitation location is
determined using a global optimization technique. The experimental SPL curves of several sound
radiators were measured to verify the accuracy of the theoretical predictions. In the determination of
the optimal excitation location, the trial radius of the circular excitation force is used in the vibro-acoustic
analysis to predict the theoretical SPL curve of the plate, a SPL discrepancy function is established to
measure the sum of the squared differences between the SPLs at the chosen excitation frequencies and
the average value of such SPLs, and a global minimization technique is used to search for the best
estimate of the radius of the circular excitation force by making the SPL discrepancy function a global
minimum. The optimal excitation locations of several composite sound radiators with different aspect
ratios and layups are determined using the proposed method.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The advantages of composite materials such as high stiffness-
to-weight and strength-to-weight ratios have made composite
plates find broad applications in different industries such as
aero-space, aircraft, automobile, and audio industries to fabricate
structures of high performance and reliability. In general, the de-
sign of composite plate structures has to tackle the structural vi-
bro-acoustic issue to achieve the goals and functions of these
structures. For instance, in the audio industry, composite plates
have been used to fabricate composite panel-form sound radiators
or speakers for sound radiation. For a panel-form sound radiator/
speaker, the sound radiation is induced by the vibration of the
plate which is flexibly restrained at its edges and excited by at least
one exciter. Therefore, the vibro-acoustics of composite plates has
become an important topic of research in the design of composite
flat-panel speakers for achieving high quality sound radiation of
the speakers. Recently, several researchers have proposed different
types of composite panel-form sound radiators [1–7] which may
find applications in the consumer electronics. For instance,
Guenther and Leigh [1] proposed the use of a composite sandwich
sound radiation plate comprising carbon fiber reinforced face
sheets and honeycomb core in a flat-panel speaker for attaining

improved performance at higher frequencies. Kam [6] proposed
the use of a plural number of exciters to excite the composite plate
of a panel-form sound radiator at some specific locations to
produce a smooth SPL curve for the sound radiator. Since the sound
radiation efficiency and quality of a plate are heavily dependent of
the vibration characteristics of the plate, the vibro-acoustics of
plate structures has thus been studied by many researchers. For
instance, many papers [8–20] have been devoted to the vibration
and/or sound radiation analyses of plates with different boundary
conditions and structural configurations subjected to various types
of loads. A number of researchers [21–23] have studied the effects
of attached masses on the sound radiation behaviors of plates with
regular or flexibly restrained boundary conditions. Regarding the
effects of loading conditions on the sound radiation capability of
plates, several researchers have studied the SPL curves of plates
subjected to different types of loads and excited at various
locations [24,25]. As for composite flat-panel sound radiators
consisting of one exciter, which may find important applications
in the audio industry, no work has been devoted to study how
the excitation location affect the sound quality of such sound
radiators, not to mention the determination of the optimal
excitation locations for the sound radiators. Therefore, the sound
radiation behavior of composite flat-panel sound radiation
deserves a thorough investigation if flat-panel speakers with good
sound quality are to be fabricated.

In this paper, an optimal design method is proposed to deter-
mine the optimal excitation locations for composite panel-form
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sound radiators consisting of one exciter to possess relatively
smooth SPL curves. The vibro-acoustics, especially, the SPL curves
of composite panel-form sound radiators are studied via both the-
oretical and experimental approaches. The Rayleigh–Ritz method
together with the first Rayleigh integral is used to study the vi-
bro-acoustic behaviors and construct the SPL curves of the com-
posite plates. The theoretically predicted SPL curves will be
verified by the experimental results obtained in this paper. The
optimal excitation locations of various sound radiators are deter-
mined to produce relatively smooth SPL curves in the given fre-
quency ranges.

2. Plate vibration analysis

In this study, a flat-panel sound radiator consisting of a center
exciter is mathematically modeled as an elastically restrained stiff-
ened plate. The stiffened rectangular composite plate of size a
(length) � b (width) � hp (thickness) with a = b is elastically re-
strained along the plate periphery by distributed springs with
translational and rotational spring constant intensities KLi and KRi,
respectively, and at the center by a spring of spring constant Kc

as shown in Fig. 1. The x–y plane of the global x–y–z coordinate
is located at the mid-plane of the symmetrically laminated com-
posite plate which consists of NL orthotropic laminae having dif-
ferent fiber angles with reference to the x-axis. It is noted that
the plate is stiffened symmetrically in x and y directions by a num-
ber of beams on the bottom surface of the plate. Herein, the dis-
placements of the plate and stiffeners are modeled based on the
first-order shear deformation theory [26]. The displacement field
of the plate is expressed as

up ¼ uopðx; y; tÞ � zphxpðx; y; tÞ
vp ¼ vopðx; y; tÞ � zphypðx; y; tÞ
wp ¼ wopðx; y; tÞ

ð1Þ

where up, vp, and wp are the displacements in x, y, and z directions,
respectively; uop, vop, wop are mid-plane displacements; hxp, hyp are
shear rotations. It is assumed that both the plate and stiffeners have
the same shear rotations. The strain–displacement relations of the
plate are expressed as
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The stress–strain relations for the layers in the global x–y–z coordi-
nate system can be expressed in the following general form [27].
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where r, s are normal and shear stresses, respectively; Q ðkÞij are the
transformed lamina stiffness coefficients which depend on the
material properties and fiber orientation of the kth lamina. The rela-
tions between the transformed and untransformed lamina stiffness
coefficients are expressed as

Q 11 ¼ Q 11C4 þ 2ðQ12 þ 2Q 66ÞC2S2 þ Q 22S4

Q 12 ¼ ðQ 11 þ Q22 � 4Q 66ÞC2S2 þ Q 12ðC4 þ S4Þ

Q 16 ¼ ðQ 11 � Q12 � 2Q 66ÞC3Sþ ðQ 12 � Q 22 þ 2Q 66ÞCS3

Q 22 ¼ Q 11S4 þ 2ðQ12 þ 2Q 66ÞC2S2 þ Q 22C4

Q 26 ¼ ðQ 11 � Q12 � 2Q 66ÞCS3 þ ðQ12 � Q 22 þ 2Q66ÞC3S

Q 66 ¼ ðQ 11 þ Q22 � 2Q 12 � 2Q 66ÞC2S2 þ Q 66ðC4 þ S4Þ

Q 44 ¼ Q 44C2 þ Q 55S2;Q 45 ¼ ðQ55 � Q 44ÞCS

Q 55 ¼ Q 55C2 þ Q 44S2

ð4aÞ

with
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1� V12V21
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1� V12V21
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E2

1� V12V21

Q 44 ¼ G23; Q 55 ¼ G13; Q 66 ¼ G12; C ¼ cos hi; S ¼ sin hi

ð4bÞ

where Qij are untransformed lamina stiffness coefficients; E1, E2 are
Young’s moduli in the fiber and transverse directions, respectively;
Vij is Poisson’s ratio for transverse strain in the j-direction when
stressed in the i-direction; G12 is in-plane shear modulus in the
1–2 plane; G12 G23 and are transverse shear moduli in the 1–3
and 2–3 planes, respectively; hi is the lamina fiber angle of the ith
lamina.

The strain energy, Up, of the plate with volume Vp is

Up ¼
1
2

Z
Vp

ðrxex þ ryey þ sxycxy þ sxzcxz þ szyczyÞdVp ð5Þ

Using the relations in Eqs. (1)–(4) and integrating through the
plate thickness, Eq. (5) can be rewritten asFig. 1. Elastically restrained stiffened plate.
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